Prior spin trapping studies reported that H 2 O 2 is metabolized by copper,zinc-superoxide dismutase (SOD) to form ⅐ OH that is released from the enzyme, serving as a source of oxidative injury. Although this mechanism has been invoked in a number of diseases, controversy remains regarding whether the hydroxylation of spin traps by SOD is truly derived from free ⅐ OH or ⅐ OH scavenged off the Cu 2؉ catalytic site. To distinguish whether ⅐ OH is released from the enzyme, a comprehensive EPR investigation of radical production and the kinetics of spin trapping was performed in the presence of a series of structurally different ⅐ OH scavengers including ethanol, formate, and azide. Although each of these have similar potency in scavenging ⅐ OH as the spin trap 5,5-dimethyl-1-pyrroline-N-oxide and form secondary radical adducts, each exhibited very different potency in scavenging ⅐ OH from SOD. Ethanol was 1400-fold less potent than would be expected for reaction with free ⅐ OH. The anionic scavenger formate, which readily accesses the active site, was still 10-fold less effective than would be predicted for free ⅐ OH, whereas azide was almost 2-fold more potent than would be predicted. Analysis of initial rates of adduct formation indicated that these reactions did not involve free ⅐ OH. EPR studies of the copper center demonstrated that while high H 2 O 2 concentrations induce release of Cu 2؉ , the magnitude of spin adducts produced by free Cu 2؉ was negligible compared with that from intact SOD. Further studies with a series of peroxidase substrates demonstrated that characteristic radicals formed by peroxidases were also efficiently generated by H 2 O 2 and SOD. Thus, SOD and H 2 O 2 oxidize and hydroxylate substrates and spin traps through a peroxidase reaction with bound ⅐ OH not release of ⅐ OH from the enzyme.
three distinct isozymes which include a cytosolic, homodimeric copper,zinc-enzyme (CuZnSOD or SOD1), a manganese-containing mitochondrial SOD (or SOD2) and an extracellular form of CuZnSOD (SOD3) (2) . CuZnSOD, but not manganese-SOD, undergoes inactivation by its own product H 2 O 2 at pH Ͼ 9 (6 -11). The inactivation is understood to be caused by the oxidation of the active site histidine, His 118 (7) (8) (9) (10) (11) . Hodgson and Fridovich (8, 12) proposed a mechanism in which H 2 O 2 first reduces the Cu(II) and then reacts with the Cu(I) to give a Cu 2ϩ -bound ⅐ OH, which can attack an adjacent histidine and destroy the integrity of the catalytic site. Exogenous reductants such as xanthine, urate, formate, and azide protect the enzyme by scavenging the Cu 2ϩ -bound ⅐ OH (8, 12) . This single electron oxidation of substances by Cu 2ϩ -bound ⅐ OH is referred to as the peroxidase function of CuZnSOD because of its similarity to the one electron oxidation by horseradish peroxidase and H 2 O 2 (8, 12) .
Yim et al. (13, 14) observed the generation of intense EPR signals of DMPO-OH while studying the interaction between SOD and H 2 O 2 by EPR spin trapping. They hypothesized that the ⅐ OH reactivity was not restricted to the active site of CuZn-SOD but that free ⅐ OH was released from the active site. Fridovich (15) , while arguing against this free ⅐ OH generation, suggested that CuZnSOD could have acted as a peroxidase toward DMPO producing DMPO-OH, which appeared as though free ⅐ OH reacted with DMPO. Other reports (15) (16) (17) claimed that H 2 O 2 damaged a portion of the enzyme releasing free copper, which catalyzed free ⅐ OH generation similar to the iron-mediated Fenton reaction. It was also suggested that in the presence of excess of H 2 O 2, reversal of the second step of the superoxide dismutation pathway becomes significant resulting in the formation of O 2 . (18) . If O 2 . were trapped by DMPO, the superoxide adduct DMPO-OOH may decompose into DMPO-OH. Although this controversy remains unresolved, this phenomenon has been already implicated in the gain-of-function of CuZnSOD mutants associated with the familial form of amyotrophic lateral sclerosis (FALS), a progressive degenerative disorder of motor neurons leading to paralysis (19 -22) . However, recent reports (23, 24) questioned the relationship between this phenomenon and FALS. Although all of these spin trapping studies were performed only in bicarbonate buffer, they failed to acknowledge the role of bicarbonate in this phenomenon. In our previous report (25) we clearly established that large magnitude DMPO-OH generation occurs only in the presence of HCO 3 Ϫ or structurally similar anions. We also presented evidence to show that HCO 3 Ϫ * This work was supported by National Institutes of Health Grants HL-38324 and HL-52315 and a grant-in-aid from the American Heart Association (to J. L. Z.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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binds to the anion-binding site of the enzyme and facilitates anchoring of the neutral H 2 O 2 at the active site that is surrounded by highly positively charged residues (25) . Otherwise, H 2 O 2 with a pK a value of 11.9 cannot gain access into the positive charged active channel in large quantities, and it would be impossible to explain the rapid and intense generation of DMPO-OH (25) .
In the present study, we characterize the CuZnSOD-mediated reaction of hydrogen peroxide with spin traps to understand which of the two mechanisms, peroxidation of DMPO or free ⅐ OH generation, primarily result in the signal of DMPO-OH. Our results provide several lines of evidence for a direct reaction of DMPO with a copper-bound oxidant, most likely ⅐ OH, and demonstrate that the function of SOD is similar to that of a peroxidase.
EXPERIMENTAL PROCEDURES
Materials-Bovine erythrocyte CuZnSOD was purchased from Sigma (98% enzyme, 4000 -5800 units/mg) or Worthington Biochemical Corporation (100% enzyme, 2273 units/mg). Activity was assayed by the method of Beauchamp and Fridovich (26) . Human CuZnSOD, manganese-SOD, sodium formate, sodium azide, sodium bicarbonate, hydrogen peroxide (30% w/w), 2,2,6,6-tetramethyl-1-piperidinyl-1-oxy (TEM-PO), diethylenetriaminopentaacetic acid, tetramethylhydrazine, and ethanol were obtained from Sigma. Deferoxamine mesylate was obtained from Ciba Pharmaceuticals, Inc., and Fe 3ϩ -(nitrilotriacetate) 2 was prepared as described previously (27) . 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) was obtained from Roche Molecular Biochemicals. Purified 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from Oklahoma Medical Research Foundation Spin Trap Source or Dojindo, Japan. The spin trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) was obtained as a gift from Prof. P. Tordo (Université de Provence, Marseille, France). Phosphate buffer (pH 7.0) containing 100 M diethylenetriaminopentaacetic acid and purged with dry nitrogen gas was used to prepare stock solutions of DMPO and DEPMPO. Horseradish peroxidase was purchased from Worthington Biochemical Corporation.
EPR and Optical Spectroscopy-EPR spectra were recorded in quartz flat cells at room temperature with a Bruker ER 300 or ESP 300E spectrometer operating at X-band with 100-KHz modulation frequency and a TM 110 cavity. The microwave frequency and magnetic field were precisely measured using an EIP 575 microwave frequency counter and a Bruker ER035M NMR gaussmeter. EPR spectral simulations were performed using computer programs as described previously (28) . Quantitation of the free radical signals was performed by computer simulation of the spectra and comparison of the double integral of the observed signal to that of a TEMPO standard (10 M) measured under identical conditions (29) . EPR spectra of the active site Cu 2ϩ of CuZn-SOD were recorded in 3-mm quartz tubes at 77 K using a liquid nitrogen Dewar. A Perkin-Elmer Lambda-6 UV-visible spectrophotometer was used for optical studies.
RESULTS
CuZnSOD (2 M) dissolved in bicarbonate buffer at pH 7.4 gave rise to a large EPR signal when treated with H 2 O 2 (1 mM) in the presence of DMPO (50 mM) (Fig. 1A) . The quartet signal observed with a typical intensity ratio (1:2:2:1) and hyperfine couplings (a H ϭ a N ϭ 14.9 G) corresponds to DMPO-OH (29, 30) . Because higher concentrations of H 2 O 2 (30 mM) were used in many prior reports, we also recorded the signals at these concentrations (Fig. 1B) (Fig. 2) . At low H 2 O 2 concentrations signal generation persisted until all the H 2 O 2 was consumed, whereas at H 2 O 2 concentrations higher than 1 mM, there was an initial burst in the signal followed by a steep decline with time ( Fig. 2) . Because this could be due to damage to the enzyme, we analyzed the structural changes in the active site at high doses of H 2 O 2 . EPR spectra of the active site Cu 2ϩ at 77 K was observed from 0.5 mM SOD with different H 2 O 2 concentrations (Fig. 3) . The reaction between the two was allowed to proceed for different times before freezing the sample in liquid nitrogen. As seen from the EPR spectra, H 2 O 2 reduces Cu 2ϩ to diamagnetic Cu ϩ , resulting in the reduction in the EPR intensity. In addition, H 2 O 2 also causes changes in the Cu 2ϩ coordination geometry from the rhombic symmetry of the native enzyme into axial symmetry resulting in an increase in the anisotropic copper hyperfine splitting, A ʈ from 135 to 180 G (31, 32) . The extent of reduction in the intensity and increase in A ʈ depends on the amount of H 2 O 2 and reaction time. Reduction in the intensity was partially reversible over time because of reoxidation, whereas the change in A ʈ was not, suggesting that millimolar quantities of H 2 O 2 can cause irreversible damage to the enzyme resulting in altered copper coordination. This was even more marked in experiments with lower micromolar amounts of the enzyme.
The EPR signal of DMPO-OH can arise from direct trapping of ⅐ OH or the decomposition of the adduct from O 2 . , DMPO-OOH, whose half-life is less than 1 min (30 (30 mM) . Spectra were recorded in 23.5 mM NaHCO 3 buffer (pH 7.4) balanced with 5% CO 2 and 95% N 2 in the presence of 50 mM DMPO at a microwave frequency of 9.78 GHz, a microwave power of 20 mW and a modulation amplitude, 0.5 G.
observed from CuZnSOD and H 2 O 2 in bicarbonate buffer, and addition of 2% ethanol did not generate any detectable amounts of the hydroxyethyl adduct DEPMPO-Et (Fig. 4, A  and B) , similar to the results obtained with DMPO.
If the signal of DMPO-OH or DEPMPO-OH arose from the trapping of free ⅐ OH, scavengers such as ethanol, formate, and azide would yield corresponding spin adducts derived from the scavenger molecules (30, 34 -36) . Failure to obtain the ethanol adducts was reasoned by Yim et al. (13) to be due to inability of the apolar ethanol molecules to enter into the highly positively charged channel of the SOD active site, whereas DMPO can gain access inside the channel and form the DMPO-OH adduct. On the other hand, Fridovich (15) proposed this inertness of alcohol as evidence against the generation of free ⅐ OH and reaffirmed his previous observation that alcohols did not protect the enzyme against H 2 O 2 inactivation. To distinguish between these two proposed mechanisms, we performed a series of experiments evaluating radical generation from EtOH and other ⅐ OH scavengers. Our experiments were based on the premise that ethanol is not totally nonpolar when compared with DMPO and that if inaccessibility of the active site relative to DMPO was the only deficiency of ethanol, decreasing [DMPO] and increasing [EtOH] could overcome this problem. Experiments performed with 2 mM DMPO and 5% ethanol (1000 mM) yielded a small signal of DMPO-Et (hyperfine splittings, a N ϭ 15.8 G, a H ϭ 22.8 G) in addition to the large 1:2:2:1 quartet signal of DMPO-OH. This DMPO-Et signal further increased when the amount of ethanol was increased up to 20% (Fig. 5A) . However, the increase in [DMPO-Et]/[DMPO-OH], calculated by computer simulation and quantitation of the cor- (Fig. 5B) . Although the formation and decay kinetics of the two adducts are reported to be similar, a ratio of 1,400 was required to reach a DMPO-Et/DMPO-OH ratio of 1 (34, 35, 37) . In contrast, with a ⅐ OH generating system the ratio of these adducts should be similar to the ratio of [EtOH]/[DMPO]. Experiments performed with varying ratios and amounts of DMPO and EtOH showed similar kinetics, indicating that this nonaqueous solvent change did not disrupt the catalytic function of the enzyme (Fig. 5C ). The 10-fold decrease in the overall concentration of the adducts was due to the decrease in the availability of DMPO. These results suggest that ethanol can reach the active site but that it is much less effective in scavenging the ⅐ OH species formed than would be expected for its spontaneous reaction with free ⅐ OH.
The efficiency of trapping the ⅐ OH species formed by SOD was further tested with other ⅐ OH scavenger molecules. Formate and azide, both anions that readily access the active site of SOD, normally react with free ⅐ OH to form spin adducts with characteristic EPR spectra, DMPO-COO . (a N ϭ 15.9 G and a H ϭ 19.3), and DMPO-N 3 ⅐ (a N ϭ a H ϭ 14.7 G and a NN3 ϭ 3.2 G), respectively (34 -37) . Formate (20 mM) and DMPO (20 mM) gave rise to a mixture of two adducts, DMPO-OH and DMPO-COO 3 ⅐ , the former being predominant (Fig. 6B) . Computer simulation and quantitation of the EPR signals showed that DMPO-COO . constituted only about 15% of the total signal (Fig. 7B) . If the DMPO-OH signals obtained in the absence of scavengers (Figs. 6A and 7A) were from free ⅐ OH, we should have obtained 50% DMPO-COO . from a mixture of equimolar concentrations of DMPO and formate, because the formation and decay kinetics of the two adducts are almost identical (34 -36) . Even when 200 mM formate was used, the concentration of DMPO-COO . grew only to 40% of the total spin adduct concentration (Figs. 6C and 7C ). Because the anion formate is known to readily access the catalytic site of SOD, this further indicates that most of the DMPO-OH obtained in the absence of scavengers emanate from a mechanism other than the reaction of free ⅐ OH with DMPO (35, 37) . Furthermore, the overall spin adduct concentration was enhanced by 30 -40% at 20 mM formate and by 350 -400% at 200 mM formate (Fig. 7, A-C) , reflecting the increase in the total concentration of substrates that can react with the bound ⅐ OH. Azide has been reported to completely protect the enzyme against H 2 O 2 mediated damage (8) . With equal 20 mM concentrations of azide and DMPO, which would yield equal concentrations of N 3 ⅐ and ⅐ OH adducts if derived from free ⅐ OH, in contrast, Ͼ80% of the observed adducts were azide-derived, indicating that the bound ⅐ OH was efficiently scavenged by azide in accordance with its known protection of the enzyme (Figs. 6D and 7D ). It is also notable that azide caused a small reduction of the total signal, by 30 -35% at 20 mM concentrations, but a large (Ͼ90%) decrease at 200 mM (Fig. 7, D and E) . This is consistent with the inhi-
FIG. 5. Effect of ethanol concentration on the generation of DMPO-Et.
A, spectra observed from CuZnSOD (1.25 M), H 2 O 2 (1 mM), and DMPO (2 mM) in 23.5 mM NaHCO 3 buffer (pH 7.4) balanced with 5% CO 2 and 95% N 2 containing 5, 10, 15, and 20% ethanol. Spectra were recorded with parameters as described in the legend to Fig. 1 . B, EPR signals from DMPO-OH and DMPO-Et were quantitated by computer simulation and comparison with the signal from a standard TEMPO solution (10 M), which was measured under identical conditions. C, concentration of the DMPO-OH spectrum was measured as a function of time with either 50 or 2 mM DMPO.
bition of SOD that occurs at high azide concentrations because of its direct binding to the copper (38, 39) .
Kinetic criteria have been developed to distinguish between the reaction of free ⅐ OH with DMPO and species that merely hydroxylate DMPO (34, 35, 37) . To further test whether the observed DMPO-OH formation is derived from free ⅐ OH, a study of the initial rates of spin trapping was performed along the lines of these prior reports. In this kinetic approach, the initial rate of spin trapping rather than steady state adduct concentrations are measured because the latter depend not only on the rate of formation but also upon their rate of decay (34, 35) . The competition between DMPO and the scavengers for the ⅐ OH enables differentiation of the two types of ⅐ OH species and the competitive equations are presented below. 
The ratio k 1 /k 2 for a system where the ⅐ OH is derived from free ⅐ OH is expected to be different from that involving a different hydroxylating species (34, 35) . We monitored the spin trapping kinetics for the different spin-adducts (DMPO-OH, DMPO-Et and DMPO-COO . ) by EPR measurements from samples containing 1.25 M SOD, 10 mM DMPO, 1 mM H 2 O 2 , and the respective scavengers in bicarbonate buffer (pH 7.4). Fig. 8 depicts the kinetic curves in the presence of 100 mM formate and 850 mM ethanol (panel A), 850 mM ethanol alone (panel B), and 100 mM formate alone (panel C). The value of k 1 /k 2 for this system was calculated using the following two equations as 10.2 Ϯ 0.5, whereas that for the free ⅐ OH is 1.0 (34, 35).
All of the lines of evidence presented above indicate that free ⅐ OH is not the source of the large DMPO-OH signal generated by H 2 O 2 in the presence of SOD. These studies support a peroxidase mechanism whereby ⅐ OH bound to the copper hydoxylates DMPO. Peroxidases, such as horseradish peroxidase (HRP), catalyze the oxidation of a large and diverse group of small molecules to their corresponding free radicals that are sufficiently stable to enable EPR detection (40) . Deferoxamine, tetramethylhydrazine, ABTS, chlorpromazine, and aminopyrine are some examples of these FIG. 8 . Kinetic profiles for the DMPO spin adducts. Spectra were observed from CuZnSOD (1.25 M), H 2 O 2 (1 mM), and DMPO (10 mM) in 23.5 mM NaHCO 3 buffer (pH 7.4) balanced with 5% CO 2 and 95% N 2 containing the following. A, 100 mM HCOONa and 850 mM ethanol; B, 850 mM ethanol; C, 100 mM HCOONa. Concentration of the spin adduct was measured as a function of time as described in the legend to Fig. 7 . EPR spectral parameters were as described in the legend to Fig. 1.   FIG. 9 . Similarity of the peroxidase function of CuZn SOD with that of horseradish peroxidase. EPR spectra were obtained from HRP (66 units) or SOD (66 units) and H 2 O 2 (1 mM) in the presence of the following. A, ABTS (400 M); B, deferoxamine (100 M); C, tetramethylhydrazine (5 mM). In A the SOD spectrum is shown at 4-fold higher gain. Spectra were recorded in 23.5 mM NaHCO 3 buffer (pH 7.4) balanced with 5% CO 2 and 95% N 2 as described in the legend to Fig. 1. substrate molecules (40, (41) (42) (43) (44) . To ascertain the similarity in peroxidase function of HRP and SOD, matching EPR experiments were conducted with HRP (66 units) or SOD (66 units) and 1 mM H 2 O 2 with several substrates that can donate an electron and form stable radicals. Fig. 9 shows the EPR spectra of the radicals obtained with 0.4 mM ABTS, 0.1 mM deferoxamine, and 5 mM tetramethylhydrazine, respectively. It is evident from these EPR spectra that both HRP and SOD are similar in that they both catalyze the oxidation of these substrates forming the same type of radicals. However, the extent of oxidation and the magnitude of the observed signals with different substrate molecules differed, depending on the nature of these molecules. In experiments with a simple Fenton ⅐ OH generating system with 10 M amounts of Cu 2ϩ or Fe 3ϩ -(nitrilotriacetate) 2 , little if any radical generation was seen with these peroxidase substrates.
DISCUSSION
Superoxide is formed in aerobic cells by mechanisms including oxidative phosphorylation, photosynthesis, and the respiratory burst of activated phagocytes (3, 15) . O 2 . can react to form ⅐ OH and peroxynitrite (ONOO Ϫ ), which damage cells and contribute to tissue injury (45) . SOD present within the cell acts as the first line of enzymatic defense against O 2 . -mediated injury (3). Under pathological conditions related to oxidative stress, SOD has been shown to prevent cellular injury (4, 5) , and this has motivated research on modulation of SOD through site-directed mutagenesis (46) and transgenic overexpression in animals (47) . Contrary to this, there have been reports implicating CuZnSOD in the pathogenesis of certain disorders through impaired function or overexpression (48, 49) . For example, overexpression of SOD1 gene on chromosome 21 of Down's syndrome patients was reported to cause oxidative damage to biomacromolecules (48) . Recent studies demonstrated point mutations in the SOD1 gene in some cases of familial amyotrophic lateral sclerosis (50, 51) . Initial studies of the FALS-associated mutants predicted that the mutations destabilize the protein structure, leading to a less active enzyme (50) . Subsequent studies with transgenic mice overexpressing FALS-linked mutations suggested that motor neuron degeneration was effected by some toxic function gained by the mutant SOD1 (51) . The nature of this cytotoxic gain-of-function is yet to be identified, and current studies of mechanism have focused on the low level secondary function of the enzyme involving H 2 O 2 (19, 22, 51) . Hodgson and Fridovich (8, 12 ) discovered in the mid-seventies that CuZnSOD possesses a secondary activity that utilizes its own dismutation product, H 2 O 2 , as a substrate and forms a copper-bound ⅐ OH radical. They referred to this function as peroxidase activity, because this "bound" ⅐ OH was capable of oxidizing organic compounds similar to the peroxidases (12) . They proposed the following mechanism.
The oxidant ⅐ OH generated in Equation 9 was assumed to remain bound to the copper because it was unaffected by known free ⅐ OH scavengers such as alcohols or benzoate. This oxidant attacks the imidazole (ImH) of an adjacent histidine (at the active site), as shown in Equation 10 , and inactivates the enzyme (8) . Exogenous electron donors such as formate, azide, and urate were able to prevent this inactivation by acting as sacrificial substrates (8, 15).
Yim et al. (13, 14) concluded that ⅐ OH radicals were released free in the medium and trapped by DMPO to form DMPO-OH. Inability of alcohols, benzoate, and N-tert-butyl-␣-phenylnitrone to react with the free ⅐ OH was interpreted by them as the inability of the apolar molecules to gain access inside the positively charged active channel (13) . They and others further implicated this free ⅐ OH generation in the gain-of-function of FALS-linked SOD1 mutants, G93A and A4V, compared with the normal CuZnSOD (19 -21) . The huge EPR signal corresponding to DMPO-OH obtained with the normal CuZnSOD and its enlargement with the mutant G93A formed the basis for their conclusions (20, 21) . Rejecting this hypothesis of free ⅐ OH generation, Fridovich (15) claimed that CuZnSOD rather acted as a peroxidase toward DMPO producing DMPO-OH, because DMPO did not generate any DMPO-Et in the presence of ethanol. Sato et al. (16) suggested a third hypothesis that free Cu 2ϩ released by high concentrations of H 2 O 2 could lead to free ⅐ OH generation through the Fenton reaction.
In our previous report (25) , we have shown that huge amounts of DMPO-OH were formed from CuZnSOD, H 2 O 2 , and DMPO in a rapid, bicarbonate-assisted one-electron oxidation and hydroxylation of DMPO. Bicarbonate facilitates the anchoring of the neutral molecule in the highly positive-charged active site at physiological pH (25) . The present work aimed at evaluating which of the two major hypotheses, free ⅐ OH generation or peroxidation of DMPO, explain the formation of the large amounts of DMPO-OH. The present results indicate that H 2 O 2 concentrations exceeding 1 mM caused irreversible structural damage of the active site region changing the chelation of the Cu 2ϩ possibly inducing its release. However, the magnitude of DMPO-OH signals obtained from free Cu 2ϩ is negligibly small compared with the signal obtained from the intact enzyme (Fig. 1 ). Experiments performed with the superoxide specific trap DEPMPO ruled out any role of O 2 . in the formation of DEPMPO-OH or DMPO-OH signal. Thus, it is clear that DMPO-OH adducts were formed from DMPO and H 2 O 2 in a reaction involving the intact CuZnSOD active site copper. Therefore, the only question that remains is whether the oxidant is bound to the copper or released as free ⅐ OH in the medium. The very low yield of DMPO-Et, compared with DMPO-OH, obtained even after increasing [EtOH]/[DMPO] by several hundred times is not consistent with free ⅐ OH release, because the formation and decay kinetics of the two adducts are reported to be similar (34 -37) . The reason suggested by Yim et al. (13) that ethanol is unable to enter the active site region does not seem valid under the present conditions where ethanol concentrations are several hundred times higher than that of DMPO, because the polarity of ethanol is only slightly less than DMPO. Thus, failure of ethanol to scavenge the ⅐ OH reflects its inefficiency in scavenging the copper-bound oxidant rather than its ability to reach the active site region. This is confirmed by the evidence provided that EtOH does in fact have access to the active site since a DMPO-Et adduct was observed at high ratios of EtOH/DMPO. This interpretation is further supported by the marked difference in the scavenging abilities of the two anionic scavengers, formate and azide, which are known to readily access the active site region of SOD (38, 39) . Formate, despite its better ability to access the active site region when compared with DMPO, is much less efficient in scavenging the oxidant. On the other hand, azide is more efficient than DMPO in scavenging the oxidant. Thus, differences in the tendency of the three substances to donate an electron to the oxidant and not just their accessibility of the active site region account for their differing reactivity. The fact that these three molecules profoundly differ in their ability to scavenge the oxidant rules out any major contribution of free ⅐ OH.
An alternative kinetic approach has been developed and reported in the literature to distinguish between the reaction of free ⅐ OH with DMPO and other species that also hydroxylate DMPO. This approach, which relies on initial rates of trapping, has the advantage that it is not influenced by the rates of adduct decay (34 -36) . The kinetic parameter, k 1 /k 2 , as described under "Results," has a characteristic value of 1.0 for free ⅐ OH, whereas the value of 10.2 obtained from the SOD reaction is strikingly different from this and clearly suggests a mechanism other than free ⅐ OH.
All these lines of evidence suggest that the reaction of H 2 O 2 with SOD is analagous to that of a peroxidase. Identifying this phenomenon with peroxidases can be justified by the oneelectron oxidation of organic molecules by SOD and H 2 O 2 . It is known that peroxidases such as HRP oxidize substrates during the second and third steps of the peroxidase cycle, when compound I is transformed to compound II and the latter to the original enzyme (40 -44) . The stability of the resultant free radical species depends on their chemical structure, and several such free radical species have been detected and characterized by EPR. Azide, tetramethyl hydrazine, ABTS, and deferoxamine are some examples (40 -44) . Our results showed that SOD mimics this behavior of peroxidases with prominent radicals formed from each of these peroxidase substrates, and the relative amounts of the radicals produced depended on the ability of the substrate to react with the copper bound oxidant. Of note, little if any of these radicals were seen with a Fenton based ⅐ OH generating system. In summary, SOD acquires a peroxidase-like function at physiological pH in the presence of bicarbonate, and this activity is responsible for the one electron oxidation of DMPO and other substrates. These substrates donate an electron to the active site Cu 2ϩ and scavenge the bound oxidant ( ⅐ OH). The efficiency of scavenging this bound oxidant, rather than just the polarity of the molecules, accounts for the very different reactivity of different substrates. Furthermore, critical evaluation of the reactivity of different ⅐ OH scavenging substrates and the kinetics of radical generation from these substrates indicates very little, if any, free ⅐ OH release from the active site copper. Thus, this peroxidase function of SOD would not be expected to exert toxicity through release of ⅐ OH.
